The present work examines the effect of plasticization on the conductivity and dielectric properties of starch-chitosan blend biopolymer electrolytes. Initial Fourier transform infrared (FTIR) spectroscopy analysis of the hydroxyl band recorded 3280 cm −1 for starch and 3354 cm −1 for chitosan. The FTIR spectrum of starch-chitosan blend films shows that the hydroxyl band shifted to 3288 cm −1 , indicating interaction between pure starch and chitosan. Different concentrations of ammonium bromide (NH 4 Br) were then added to the blend solution and stirred until complete dissolution. The homogeneous solutions were then placed onto different plastic Petri dishes, where they were left to dry. The highest conductivity value of (9.72 ± 0.95) × 10 −5 S cm −1 was obtained with addition of 35 wt% NH 4 Br. Addition of 30 wt% ethylene carbonate increased the conductivity value to (1.44 ± 0.51) × 10 −3 S cm −1 . The plots of dielectric constant, ε r , against frequency for both plasticized and unplasticized systems show non-Debye behaviour. The temperature dependence of the power law exponent for the highest conducting sample in the unplasticized system follows the small polaron hopping model while the conduction mechanism of the highest conducting sample in the plasticized system can be represented by the quantum mechanical tunnelling model.
Introduction
The discovery by Wright [1] on the ionic conductivity of a poly(ethylene oxide) (PEO)-Na + complex encouraged the development of solid polymer electrolytes for the improvement of ionic conductivity [2] . Many methods were suggested to improve the ionic conductivity, such as copolymerization, polymer blending, incorporation of ceramic fillers and plasticization [3] . Polymer blending can improve the mechanical properties and biocompatibility of blend components [4] . Baskaran et al [5] reported that the ionic conductivity of 8.0 × 10 −7 S cm −1 at ambient temperature obtained by the poly(vinyl acetate) (PVAc)-lithium perchlorate (LiClO 4 ) system increased to 1.7 × 10 −3 S cm −1 by blending PVAc with poly(methyl methacrylate). The conductivity of chitosan-ammonium nitrate (NH 4 NO 3 ) increased from 2.53 × 10 −5 to 3.89 × 10 −5 S cm −1 using a starch-chitosan blend [6, 7] . The blend of starch and chitosan was reported to form mechanically stable films due to the inter-and intra-molecular hydrogen bonding that formed between the hydroxyl and amino groups of starch and chitosan [8] . The addition of plasticizers can enhance the conductivity of the electrolyte [9] . The conductivity of chitosan-PEO-NH 4 NO 3 was 1.02 × 10 −4 S cm −1 [10] and with the addition of ethylene sulphite the conductivity increased to 3.01 × 10 −4 S cm [11]. In this work, the starch-chitosan-NH 4 Br electrolyte system was plasticized with ethylene carbonate (EC) to study the effect of EC on conductivity and dielectric properties.
Experiment

Preparation of electrolytes
A total of 0.8 g starch (Brown and Polson) was dissolved in 100 ml of 1% acetic acid (SYSTERM) at 80
• C for 20 min. After the solution cooled to room temperature, 0.2 g chitosan (viscosity: 800-2000 cP; 1 wt% in 1% acetic acid (25 • C), Sigma-Aldrich) was added. Different amounts of NH 4 Br (Bendosen) were added to the solution and stirred until homogeneous solutions were obtained. Different amounts of EC (Merck) were added to the highest conducting starch-chitosan-NH 4 Br electrolyte solution. All homogeneous solutions were cast on plastic Petri dishes and left to dry at room temperature. The dry films were kept in a desiccator filled with silica gel desiccants for further drying.
Electrolyte characterization
The Fourier transform infrared (FTIR) spectroscopy studies were recorded using a Spotlight 400 Perkin-Elmer spectrometer in the wavenumber range of 450-4000 cm −1 . The conductivity of the electrolyte was calculated using
where d is the thickness of the electrolyte, R b is the bulk resistance and A is the electrode-electrolyte contact area. The value of R b was determined from the Cole-Cole plot obtained from impedance measurements of the electrolytes. The electrolytes were sandwiched between two stainless steel electrodes of a conductivity holder. The impedance measurements were conducted using a HIOKI 3532-50 LCR HiTESTER from room temperature to 348 K in the frequency range of 50 Hz-5 MHz.
Results and discussion
FTIR analysis
From figures 1(a)(i) and (ii), the hydroxyl bands in the spectrum of pure chitosan film and pure starch film appeared at 3354 and 3280 cm −1 , respectively. These results are comparable with those reported in the literature [12] [13] [14] . According to Yin et al [15] , a mixture of two or more materials will reflect the physical blends and chemical reactions based on the changes in characteristic spectral peaks. In figure 1(a)(iii) , the hydroxyl band in the spectrum of the 80 wt% starch-20 wt% chitosan blend film appeared at 3288 cm −1 . In figure 1(b)(i), the appearance of the band at 1549 cm −1 is due to the amino group [16] . In the spectrum of the starch-chitosan blend film in figure 1(b)(ii), the amino band shifted to 1548 cm −1 . This phenomenon indicates the presence of interactions between the hydroxyl groups of starch and the amino groups of chitosan [12] . with addition of 35 wt% NH 4 Br. It can be concluded that the interaction occurred between NH 4 Br and the starch-chitosan blend in this work. Figure 3 shows the FTIR spectra for selected plasticized samples in the 702-712 cm −1 region. This region is attributed to the C O bending band of EC [18] . No peak was observed in the spectrum of 0 wt% EC electrolyte. In the spectrum of 20 wt% EC added electrolyte, the band is observed at 709 cm −1 and shifted to lower wavenumbers of 708 and 706 cm −1 on addition of 30 and 60 wt% EC, respectively. From figure 4(a), no doublet C O stretching of EC in the spectrum of 0 wt% EC electrolyte is observed. The doublet peak shifted towards lower wavenumbers of 1817 and 1808 cm −1 as the EC content increased to 30 wt%. However, with addition of 60 wt% EC, the doublet peak shifted back to higher wavenumbers of 1818 and 1811 cm −1 , indicating an increase in the crystallinity of the electrolyte.
Ionic conductivity
The effect of NH 4 Br content on the ionic conductivity of the electrolytes at room temperature is shown in figure 5(a) . Pure starch-chitosan film recorded a low conductivity value of (4.00 ± 1.53) × 10 −10 S cm −1 . This result is attributed to the non-conductive nature of the pure film, since no mobile ions exist within the film. As 5 wt% NH 4 Br was added to the film, the conductivity started to increase to (4.53 ± 1.61) × 10 −9 S cm −1 and was optimized to (9.72 ± 0.95) × 10 −5 S cm −1 with addition of 35 wt% NH 4 Br. The increasing salt content increases the number of mobile ions and assists the increase in conductivity value. The incorporation of more than 35 wt% NH 4 Br is observed to decrease the conductivity. At this salt concentration level, too many ions provided caused the distances between the ions to become too close and increased the possibility of ion recombination to a neutral ion pair [19] . Ionic conduction is not assisted by the neutral ion pair. The lower number of free-mobile ions results in the conductivity decrease. To promote more mobile ions, a plasticizer with a high dielectric constant, such as EC, is added to the electrolyte. The presence of EC can weaken the Coulombic force that exists between the NH + 4 ion and the Br − ion that led to ion dissociation. Addition of 30 wt% EC to the 52 wt% starch-13 wt% chitosan-35 wt% NH 4 Br electrolyte enhanced the conductivity to (1.44 ± 0.51) × 10 −3 S cm −1 , as shown in figure 5(b) . The addition of more than 30 wt% EC decreases the conductivity due to the formation of linkages between the plasticizer itself, causing it to crystallize [20] .
From the plot in figure 6 , the temperature dependence of ionic conductivity for the highest conducting sample in 1.E-10
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Here, σ o is the pre-exponential factor, E a is the activation energy and k is the Boltzmann constant. The E a values for the highest conducting sample in the unplasticized and plasticized systems are 0.22 and 0.17 eV, respectively. When the ion has acquired sufficient energy, i.e. activation energy, the ion is able to move from the donor site to another donor site. From figure 6 , the highest conducting sample in the plasticized system gave a higher conductivity value but requires lower E a compared to the highest conducting sample in the unplasticized system. Such behaviour is a characteristic feature of the Grotthus mechanism [21] . One of the hydrogen atoms in the NH + 4 ion is weakly bound and can dissociate easily under the influence of an electric field. This H + ion can hop from one site to another, leaving a vacancy that will be filled by another H + ion from a neighbouring site.
Dielectric studies
The conductivity behaviour of polymer electrolytes can be further analysed from dielectric studies [22] . The equation for the dielectric constant ε r is given as follows:
where Z i is the imaginary part of impedance, Z r is the real part of impedance, C o is vacuum capacitance and ω is angular frequency. The frequency dependence of ε r for unplasticized and plasticized systems is shown in figure 7 . The high value of ε r at the low-frequency region is mainly ascribed to the electrode polarization due to the accumulation of ions at the electrode-electrolyte interface [23] . As the frequency increases, the ε r value decreases. This is because the periodic Figure 7 . Frequency dependence of ε r for (a) the unplasticized system and (b) the plasticized system at room temperature. reversal of the electric field occurs so fast that there is no excess ion diffusion in the direction of the field [24] . Most of the ions will be in the bulk of the sample, leading to the decrease of ε r with the increase in frequency [21] . These results imply that the electrolyte systems in this work show non-Debye behaviour. The highest conducting sample in each system has the highest value of ε r for their system, proving that the high conductivity value could be attributed to the enhancement in the number density of charge carriers [24] . In general, ac conductivity (σ ac ) can be calculated from the relation
where ε o is permittivity of free space and tan δ = ε i /ε r . Using Jonscher's universal power law, the phenomenon of σ ac can be analysed.
where σ (ω) is the total conductivity, σ dc is frequency-independent dc conductivity, Aω s = σ ac , A is a temperature-dependent parameter and s is the power law exponent. The value of s can be obtained by plotting the following equation:
Exponent s values were obtained from the slope of plots in figure 8 . The plot of s against temperature for the unplasticized system is shown in figure 9 (a). It is observed that s increases with increasing temperature. According to the small polaron hopping (SPH) model, the exponent s is predicted to increase with increasing temperature [21] . It can be implied that the conduction mechanism for the highest conducting sample in the unplasticized system follows the SPH model. The plot of s against T in figure 9 (a) can be fitted to the equation of s = 0.0025T − 0.2241. In the SPH model, the ion has the ability to hop from a coordinating site to another one via the donor atom sites. The conduction of ions resembles the conduction of polarons in polaronic conductors [21] . The ions are assumed to be surrounded by several potentials such as the Coulombic repulsive potential between the ions and the potential well. The ions can hop from one site to another after acquiring enough energy. The ions may hop back to the initial site or the formation of a new absolute potential with an increase in the back-hop barrier height and the ions continue to move in the forward direction [21] . The hops are thermally activated. The plot of s against T for the plasticized system is shown in figure 9 (b).
The s values are almost constant with increasing temperature.
According to Psarras [25] , ionic hopping by jumping over a potential barrier can also be accompanied by quantum mechanical tunnelling (QMT). The QMT model suggests that exponent s is independent of temperature [26] . The conduction mechanism for the highest conducting sample in the plasticized system in this work follows the QMT model and the plot of s against T in figure 9 (b) is best fitted to the equation of s = 0.00006T + 0.3947.
Conclusion
The shift of the hydroxyl band of pure starch film and the amino group of pure chitosan film proved the interaction between starch and chitosan. Starch-chitosan-NH 4 Br complexation is confirmed by the shift of hydroxyl, carboxamide and amine bands of pure starch-chitosan film and the appearance of v as (NH . The shift of C O bending and C O stretching bands is observed on addition of EC. The room temperature conductivity for the highest conducting sample in the unplasticized system is (9.72 ± 0.95) × 10 −5 S cm −1 and for the highest conducting plasticized sample is (1.44 ± 0.51) × 10 −3 S cm −1 . Dielectric studies suggest that the samples in this study show non-Debye behaviour. The highest conducting unplasticized sample follows the SPH model whereas the highest conducting plasticized sample follows the QMT model.
